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ABSTRACT
Tire rolling resistance has a major impact on vehicle fuel consumption. Rolling resistance is the
loss of energy due to the interaction between the tire and the pavement surface. This interaction is
a complicated combination of stresses and strains which depend on both tire and pavement related
factors. These include vehicle speed, vehicle weight, tire material and type, road camber, tire
inflation pressure, pavement surfacing texture etc. In this paper the relationship between pavement
surface texture depth and tire/surfacing contact stress and area is investigated. Texture depth and
tire/surfacing contact stress were measured for a range of tire inflation pressures on five different
pavement surfaces. In the analysis the relationship between texture and the generated contact
stresses as well as the contact stress between the surfacing and base layer are presented and
discussed, and the anticipated effect of these relationships on the rolling resistance of vehicles on
the surfacings, and subsequent vehicle fuel economy discussed.
1. INTRODUCTION
Tire rolling resistance has a major impact on vehicle fuel consumption with between 
7 and 10  % of the total energy consumption of a vehicle being consumed through
rolling resistance. It is estimated that a 10 % reduction in tire rolling resistance will lead
to a 2 to 3 % improvement in vehicle fuel economy [1]. Rolling resistance is the loss
of energy due to the interaction between the tire and the pavement surface. The
tire/pavement surface interaction is a complicated combination of stresses and strains
which depend on both tire and pavement related factors, including vehicle speed and
weight, tire material, type and inflation pressure, and road camber and surfacing
texture. Shear mechanisms develop tractive and lateral forces which create a friction
coupling between the tire and pavement surface. This friction coupling depends on
surface adhesion (between the rubber and the pavement surfacing) and hysteresis
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(rubber deformation when it interacts with pavement unevenness) [2]. Thus the
pavement surface texture plays an important role in tire rolling resistance. Pavement
texture is classified into roughness, mega-texture, macro-texture and micro-texture, and
the focus of this paper is on the effects of macro-texture and tire / pavement contact
stresses.
The objectives of this paper is to demonstrate the effect of tire and surfacing
conditions on contact stresses generated between a car tire and a range of surfacing
types, as well as the subsequent contact stresses developing between the bottom of the
surfacing and the top of the base layer. The resultant effect on relationships between
texture depth, rolling resistance and fuel economy is also discussed.
2. TIRE / PAVEMENT INTERACTION 
Vehicles travel on pavement surfacings through a complex interaction between the tire
rubber and the surfacing material, and these interactions are affected by the vehicle
properties, tire properties and surfacing properties.
2.1. Rolling Resistance
Tire rolling resistance is influenced by variations in vehicle, pavement surface,
environmental and tire properties. These include:
• Vehicle size, weight, static and dynamic weight distribution, suspension system
characteristics, kinematics, speed, wheel slip and acceleration;
• Pavement surface material, slope variations, roughness, texture and compliance;
• Ambient air temperature, and
• Tire construction material, ply rating and structure (radial/bias), chemical
composition, elastic properties, hardness, tread depth, wear, age, side wall design,
inflation pressure and pressure distribution over tire / pavement contact area. 
Rolling resistance is caused by the viscoelastic properties of the tire rubber and the
constant deformation of the internal components of the tire during use. Rolling
resistance is typically calculated using Equation 1. In Equation 1 the importance of the
texture depth, pavement roughness (through IRI) and structural condition (through
deflection) as pavement-related factors are visible [1]. 
Fr = CR2 . FCLIM . ((b11 . Nw) + (CR1 . ((b12 . M) + (b13 . v2)))) (1)
and 
CR2 = Kcr2 . (a0 + (a1 . Tdsp) + (a2 . IRI) + (a3 . DEF))
where
Fr – Rolling resistance [N]
CR1 – Rolling resistance tire factor
CR2 – Rolling resistance surface factor
FCLIM – climatic factor
Nw – Number of wheels
b11, b12, b13 – Rolling resistance parameters
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M – Vehicle mass [kg]
v – Vehicle speed [km/h]
Kcr2 – Calibration factor
a0 to a3 – model coefficients
Tdsp – Texture depth from sand patch method [mm]
IRI – International Roughness Index [m/km]
DEF – Benkelman Beam rebound deflection [mm]
2.2. Tire Properties
Tires are manufactured from a combination of rubber and steel reinforcement. The
rubber is composed of viscoelastic polymers and forms the shoulder, treads, sidewall
and belt rubber. The radial ply and belt form part of the steel reinforcement. The total
frictional resistance developed between a tire and a dry pavement consists of an
adhesion component (between rubber and pavement surface) a deformation hysteresis
component (inside the rubber) and a contribution from rubber wear [3].
Adhesion forces are attraction forces over the tire pavement contact area that form
at the contact interface due to interaction at the sliding interface on a molecular level.
The rubber consists of molecular chains that attempt to link with molecules that are
found in the pavement surface and this result in retardation. Friction caused by
hysteresis is due to viscoelastic material deforming. Hysteresis in a tire can be caused
by one or more of the following:
• Random cyclic stick-slip frictional phenomena over the contact area;
• Local normal (perpendicular) deformation due to elastomeric compliance to
surface texture at the contact area, and
• Elastomeric shearing deformation as portions of a rotating wheel [4].
Rubber friction consists of friction caused by hysteresis (due to viscoelastic material
deforming) and adhesion (caused by attraction forces over the tire pavement contact
area). A high hardness and low hysteresis tire would be best suited for a vehicle tire,
because it will lower the rolling resistance of a vehicle. The higher the tire inflation
pressure, the less deformation will occur and thus the rolling resistance will decrease [5]. 
2.3. Pavement Properties
The geometric profile of the road can be divided into different scales depending on the
dynamic response of interest to vehicle passengers or vehicles: ride comfort, rolling
noise, skidding resistance and vehicle operating cost factors. Pavement roughness
(texture and unevenness) can be described as the profile of the surface along the lines
that will represent the rolling path of the vehicle tires [6].
Pavement texture is the deviation of the surface from a true planar surface. Texture
can be divided into micro-texture, macro-texture and mega-textures. Micro-texture is
the deviation of a pavement surface from a true planar surface of less than 0.5 mm. It
is a function of aggregate particles mineralogy and petrology and not the spacing
between the particles. Macro-texture is the deviation of a pavement surface from a true
planar surface in the range of 0.5 mm and 50 mm. This is associated by the shape, size,
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spacing and arrangement of coarse aggregate particles. It has a major influence on the
rolling resistance and the way the tire-pavement interacts. Mega-texture is the deviation
of a pavement surface from a true planar surface in the range of 50 mm and 0.5 m. It
affects vibrations in the tire walls but does not carry through to the suspension. This is
strongly associated with noise and rolling resistance (ruts, potholes, cracks and major
joints). Unevenness is the deviation of a pavement surface from a true planar surface in
the range of 0.5 m and 50 m. It is associated with the longitudinal profile larger than the
tire foot print and affects vehicle dynamics. Macro-texture is typically described using
the Mean Texture Depth (MTD) and Mean Profile Depth (MPD) [6].
When a tire is rolling on a pavement surface which is textured the tire does not
necessarily make contact with all the point on the pavement. The tire is said to be
“enveloping” the part of the surface with which is in contact. The pavement texture
deforms the tire when it is rolling over it and with this enveloping should also be
important to rolling resistance [6].
An important difference between pavement surfaces is the degree to which the
surface aggregate particles protrude above the plane of the tire contact patch. Surfaces
that are formed by rolling aggregate chippings into the soft surface of an underlying
matrix during construction are described as positive texture. Those in which the
aggregate chippings are embedded at the surface within the matrix, leaving voids that
are generally below the plane of the contact patch, are described as having a negative
texture. For the same texture depth the latter generate much less tire noise. A chip seal
typically delivers considerable “positive” texture while a grooved concrete surface
typically provides its macro-texture through a “negative” texture feature [7].
2.4. Tire/Pavement Surface Contact Stress Distributions
Typical tire/surfacing contact patterns have been measured using systems such as the
Stress-In-Motion (SIM) technology for many years. From the SIM measurements
analysis it was found that changes in contact stress distribution occur due to changes in
tire load and tire inflation pressure. In the cases where the tire is overloaded or
underinflated, the vertical contact stresses maximize towards the edges of the tire
contact patch (typical “m-shape”), while lower loads and overinflated conditions result
in maximum vertical stresses towards the center portion of the tire contact patch (typical
“n-shape”) [8]. The effects of changes in tire/surface contact stresses have been reported
in various studies [9, 10].
2.5. Vehicle Operating Costs
Rolling resistance has a major impact on vehicle operating cost. Studies have been done
on the pavement texture influence as well as the tire inflation pressure influence on
vehicle operating cost. If a vehicle is travelling at a higher speed the rolling resistance
has a greater effect on the vehicle operating cost [6]. However, the analysis of
covariance indicated that the effect of texture on vehicle operating cost does not change
significantly at higher speeds. This is because at higher speeds, air drag increases and
acts as the predominant factor in fuel consumption. When a car is travelling on a
horizontal road at a constant speed of 100 km/h, the air drag is responsible for 60 % of
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the energy consumption and rolling resistance accounts for 25 % while internal friction
represents 15 % [1].
Analysis of the change in fuel consumption as a function of texture, based on the
standard HDM4 models have shown that surface texture has a significant effect on fuel
consumption. A decrease in mean profile depth of 1 mm results in a decrease the rolling
resistance of 1.5 % when travelling at 56 km/h and 2.25 % at 56 km/h [1]. 
It has been shown that the rolling resistance is directly related to the reciprocal of the
tire inflation pressure [11]. Tire inflation pressure has an influence on fuel consumption,
safety and the carbon footprint. A change of 6.9 kPa in tire inflation pressure typically
leads to a change of 1.1 % in rolling resistance [12, 13]. 
3. EXPERIMENTAL DESIGN
In the project that this paper is based on, the focus was on measuring the tire/surfacing
and surfacing/base contact stresses, for a range of tire inflation pressures and surfacing
textures. Light passenger vehicles were used in the measurements, and the tire
inflation pressures were selected to represent underinflated and overinflated
conditions. The tire/surfacing contact stresses were measured on five different
surfacing types, while the surfacing/base contact stresses were only measured for a
surfacing seal. 
The five different pavement surfaces were selected from a currently monitored
experimental pavement outside Pretoria, South Africa. The selected surfacings
consisted of a Single Seal (SS), Continuously graded Asphalt (CA), Jointed Concrete
Pavement (burlap finish) (JCP), Ultra-thin Continuously Reinforced Concrete
(UTCRCP) and Jointed Concrete Pavement (smooth finish). Several sand patch tests
were performed on each of the surfaces to determine the texture depths. The
calculated Mean Texture Depth values for each of the five sections are shown in
Table 1.
A pressure sensitive mat was used to measure the contact stresses between the tire
and pavement surface, as well as the single seal and cemented base. The pressure
sensitive mat was placed on the pavement surface being measured and the vehicles front
(Figure 1) wheels were rolled onto the mat. Pressure sensitive mats were installed
between the single seal surfacing and base during construction. Measurements where
repeated at a range of tire inflation pressures of between 120 kPa and 300 kPa for each
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Table 1. Mean Texture Depths for five sections as measured using
sand patch test
Section Mean Texture Depth [mm]
Single Seal 1.9
Continuously Graded Asphalt 0.4
Jointed Concrete Pavement (Burlap Finish) 0.6
Ultra-thin Continuously Reinforced Concrete 0.8
Jointed Concrete Pavement (Smooth Finish) 0.1
pavement section. The focus of the data analysis in this paper are the underinflated
(120  kPa) and overinflated (300  kPa) tire conditions. The tire sizes were standard
commercial 175/65 R14 tires.
4. DATA ANALYSIS AND DISCUSSION
In the analysis of the data the focus was on determining the relationship between the
pavement conditions (as defined through the surface texture) and the loading
conditions (as defined through the tire/surfacing contact stress) as indicated by the
objectives of the paper (evaluate relationships between contact stress and texture
depth, as well as comparison between tire/surfacing and surfacing/base contact
stresses for a surfacing seal).
In Figure 2 a comparison is shown for the tire/surfacing contact areas as measured
for the 120 kPa (underinflated) and 300 kPa (overinflated) conditions. The data indicate
that the underinflated conditions have larger contact areas than the overinflated
conditions, as would be expected. The intensity and shape of the tire/surfacing contact
stress are shown in Figure 3. Figure  3 indicates how the tire/surfacing contact area
changes from a semi-rectangular area under underinflated conditions to a more circular
area under overinflated conditions.
In Figure 4 the cumulative distribution of all the tire/surfacing contact stresses
versus surfacing texture depths for the pavements evaluated are shown. The
cumulative distribution was obtained by accessing each of the points of contact stress
data from the pressure sensitive mat (using proprietary software) and collectively
analyzing these approximately 250 data points per tire/pavement contact
measurement. In Figures 4 and 5 the focus is on the 0.1 mm, 0.8 mm and 1.9 mm data,
as these are the lowest, average and highest texture depths. The 0.4 mm and 0.6 mm
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Figure 1. Tire/surfacing contact stresses being measured using pressure sensitive mat
texture depth data follows the same trend, and are excluded from the figures as it
makes the figures crowded and illegible.
Two distinct sets of tire data are visible, the 120 kPa (underinflated) and 300 kPa
(overinflated) conditions. In Figure 5 the two tire inflation conditions are shown in
separate graphs to emphasize the distribution of each of the datasets with changes in
texture depth. The following observations are made:
• Under underinflated conditions the distribution of tire contact stresses is much
wider than under overinflated conditions (Figure 5). This is caused by the
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Figure 3. Tire/surfacing contact areas for underinflated and overinflated conditions
Figure 2. Tire/surfacing contact areas for underinflated and overinflated conditions
phenomenon of some locations on the contact surface where (through
enveloping of the soft tire) relatively small contact stresses are observed and
locations where protruding aggregate cause relatively high point loads on the
tire surfacing;
• Under overinflated conditions the tire / surfacing contact area approaches a more
rigid, uniform and circular contact area, excluding many of the localized extreme
contact stresses observed under the underinflated conditions, and
• Under both underinflated and overinflated conditions the contact stresses are only
affected to a minimal degree by the change in texture depth from 0.1 mm to 1.9 mm. 
The implications of the applied contact stresses on the single seal surfacing (1.9 mm
texture depth) for the seal / base contact stresses were also evaluated through measuring
the contact stresses at the seal / base interface. The cumulative distribution of these data
is shown in Figure 6, together with the tire / surfacing contact stresses. The data indicate
that the tire / seal contact stresses has a narrower distribution, specifically for the upper
contact stresses. At the bottom of the seal (seal / base interface) the maximum contact
stresses extend to more than twice the maximum contact stresses measured between the
tire and surfacing. This is attributed to the rubber of the tire enveloping some of the
sharper point stresses between the tire and the surfacing (thereby causing lower contact
stresses) while the direct contact between the bottom of the seal aggregate and the top
of the stabilized base do not allow for such enveloping. For this study, there was only
one section for which the surfacing / base contact stresses could be measured, and thus
no general discussion can be developed along this topic. Such a more general study is
currently under development.
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Figure 4. Cumulative contact stress distribution for all texture depths and minimum
and maximum tire inflation pressures
5. DATA DISCUSSION
Analysis of Equation 1 indicates the effects of the riding quality (IRI), elastic
deflection (DEF) and surface texture (Tdsp) on the rolling resistance experienced on
a specific pavement. In this paper, the focus is only on the texture depth effects and
how they relate to the contact stresses that develop between the tire and surfacing.
Figures 4 and 5 indicates that, for the conditions evaluated, the texture depth actually
did not affect the contact stresses significantly, but that the tire inflation pressure has
a much more severe influence on the contact stress magnitudes. These data are
supported by the published data [11, 12 and 13]. This thus leads to a potential 
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Figure 5. Cumulative contact stress distribution for all texture depths and underinflated
(bottom) and overinflated (top) tire inflation pressures
re-evaluation of the texture depths that may affect contact stress data significantly, to
determine whether there is any relationship at all. On a phenomenological level, it
would be expected that increases in texture depth will affect the contact stresses if the
deeper texture is also linked to smaller contact areas (such as would be seen when a
very course (e.g. 19  mm) surfacing seal is compared with a fine (e.g. 6.7  mm)
surfacing seal). However, if the higher texture depth is purely due to deeper cavities
between aggregate (or due to deeper grooving in concrete pavement surfacings) it
would be expected that the tire/pavement surface area would remain constant, and
thus the contact stresses will remain constant. This phenomenon (of the effect of
smaller contact areas due to the aggregate size use in the surfacing on contact
stresses) is currently being investigated.
In terms of the parameters in Equation 1, the elastic deflection of the pavement
structure also plays a significant role in the rolling resistance of the pavement. The data
in Figure 6 initiates a process of potentially evaluating the way that contact stresses
(affected by tire load and inflation pressures) are distributed into the various layers
through the actions of the materials interacting with each other, and potentially causing
higher localized stresses due to material properties. The potential effects of these
contact stresses in affecting the elastic deflection of the pavement structure was not
explicitly investigated in this paper, however, if the effect of issues such as interlayer
friction and its effects on elastic deflection of the pavement structure are evaluated,
there is potential that knowledge of the interlayer contact stresses can lead to a more
detailed understanding of the interlayer frictions and thus elastic deflection profiles of
the pavement structure.
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Figure 6. Comparison between cumulative distribution of contact stresses between
tire and seal surfacing, and seal surfacing and base
Finally, the standard fuel consumption model [1] incorporates various vehicle operating
condition and engine properties, as well as the tractive force, which is directly
influenced by the rolling resistance. Thus, in terms of improving the fuel consumption
of a vehicle population using a specific pavement, it is within the ability of the
pavement engineer to select appropriate riding quality, texture depth and structural
capacity properties for the pavement that should optimize the fuel consumption. Such a
pavement surfacing would need to minimize rolling resistance as affected by texture
depth, as the tire inflation pressures used by road users falls outside the scope of
influence of the pavement engineer.
6. CONCLUSIONS
The objectives of this paper are to demonstrate the effect of tire and surfacing
conditions on contact stresses generated between a car tire and a range of surfacing
types, as well as the subsequent contact stresses developing between the bottom of the
surfacing and the top of the base layer. Based on the data discussed in this paper, the
following conclusions are drawn:
• The texture depth do not affect the tire / surfacing contact stresses significantly;
• The tire inflation pressure affects the tire / surfacing contact stresses significantly;
• The surfacing/base contact stresses are affected by the material properties and
localized extreme high contact stresses occur where material experiences point
loads, and
• Although vehicle economy in terms of fuel consumption is affected by texture
depth (as per available literature), it appears as if the contact stress data indirectly
affect the rolling resistance and therefore fuel consumption through the application
and distribution of the applied stresses into the pavement structure, and subsequent
elastic deflection behavior. 
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